Radiative convective equilibrium of the atmosphere with a given distribution of relative humidity is computed as the asymptotic state of an initial value problem.
Introduction
This study is a continuation of the previous study of the thermal equilibrium of the atmosphere with a convective adjustment which was published in the JOURNAL OF THE ATMOSPHERIC SCIENCES (Manabe and Strickler, 1964) . Hereafter, we shall identify this study by M.S. In M.S. the vertical distribution of absolute humidity was given for the computation of equilibrium temperature, and its dependence upon atmospheric temperature was not taken into consideration. However, the absolute humidity in the actual atmosphere strongly depends upon temperature. Fig. 1 shows the distribution of relative humidity as a function of latitude and height for summer and winter. According to this figure, the zonal mean distributions of relative humidity of two seasons closely resemble one another, whereas those of absolute humidity do not. These data suggest that, given sufficient time, the atmosphere tends to restore a certain climatological distribution of relative humidity responding to the change of temperature. If the moisture content of the atmosphere depends upon atmospheric temperature, the effective height of the source of outgoing long-wave radiation also depends upon atmospheric temperature. Given a vertical distribution of relative humidity, the warmer the atmospheric temperature, the higher the effective source of outgoing radiation. Accordingly, the dependence of the outgoing long-wave radiation is less than that to be expected from the fourth-power law of Stefan-Boltzman. Therefore, the equilIbrium temperature of the atmosphere with a fixed relative humidity depends more upon the solar constant or upon absorbers such as CO 2 and 0 3 , than does that with a fixed absolute humidity, in order to satisfy the condition of radiative convective equilibrium. In this study, we will repeat the computation of radiative convective equilibrium of the atmosphere, this time for an atmosphere with a given distribution of relative humidity instead of that for an atmosphere with a given distribution of absolute humidity as was carried out in M.S.
As we stated in M.S., and in the study by Manabe and Moller (1961) , the primary objective of our study of radiative convective equilibrium is the incorporation of radiative transfer into the general circulation model of the atmosphere. Adopting the scheme of the computation of radiative· transfer which was developed in M.S., Manabe et al. (1965) successfully performed the numerical integration of the general circulation of the atmosphere involving the hydrologic cycle. In order to avoid a substantial increase in the number of degrees of freedom, the distribution of water vapor, which emerged as the result of the hydrologic cycle of the model atmosphere, was not used for the computation of radiative transfer. Instead, the climatological distribution of absolute humidity was used. The next step is the numerical integration of the model with complete coupling between radiative transfer and the hydrologic cycle. Before undertaking this project, it is desirable to answer the following questions by performing a series of computations of radiative-convective equilibrium of the atmosphere with fixed relative humidity.
1) How long does it take to reach a state of thermal equilibrium when the atmosphere maintains a realistic distribution of relative humidity that is invariant with time? 2) What is the influence of various factors such as the solar constant, cloudiness, surface albedo, and the distributions of the various atmospheric absorbers on the equilibrium temperature of the atmosphere with a realistic distribution of relative humidity? 3) What is the equilibrium temperature of the earth's surface corresponding to realistic values of these factors?
There is no doubt that this information is indispensable for the successful integration of the fundamental model of the general circulation mentioned above.
Recently, Moller (1963) discussed the influence of the variation of CO 2 content in the atmosphere on the magnitude of long-wave radiation at the earth's surface, COMPUTATION OF THE MIXING . RATIO OF WATER VAPOR, r T: r= .622·h·eS(T)/(P-h.eS(T» and on the equilibrium temperature of the earth's surface. Assuming that the absolute humidity is independent of the atmospheric temperature, he obtained an order-of-magnitude dependence of equilibrium temperature upon CO2 content similar to those obtained by Plass (1956) , Kondratiev and Niilisk (1960) , and Kaplan (1960) . However, he obtained an extremely large dependence for a certain range of temperature when he assumed that relative humidity (instead of absolute humidity) of the atmosphere was given. One shortcoming of this study is that the conclusion was drawn from the computation of the heat balance of earth's surface instead of that of the atmosphere as a whole. Therefore, it seems to be highly desirable to reevaluate this theory, using as a basis the computation of radiative convective equilibrium of the atmosphere with a fixed relative humidity. The results are presented in this study.
Radiative convective equilibrium
a. Description of the model. As we explained in the previous paper and in the introduction, the radiative convective equilibrium of the atmosphere with a given distribution of relative humidity should satisfy the following requirements: 1) At the top of the atmosphere, the net incoming solar radiation should be equal to the net outgoing long-wave radiation. 2) No temperature discontinuity should exist. 3) Free and forced convection, and mixing by the large-scale eddies, prevent the lapse rate from exceeding a critical lapse rate equal to 6.5C km-l. 4) Whenever the lapse rate is subcritical, the condition of local radiative equilibrium is satisfied. 5) The heat capacity of the earth's surface is zero. 6) The atmosphere maintains the given vertical distribution of relative humidity (new requirement). In the actual computation, the state of radiative convective equilibrium is computed as an asymptotic state of an initial value problem. Details of the procedure are described in Appendix 1. The flow chart of the marching computation is shown in Fig. 2 . In this figure e.(T) denotes the saturation vapor pressure of water vapor as a function of temperature T, and h denotes the relative humidity. T denotes the number of the time steps of numerical integration, and I is the indexing of the finite differences in the vertical direction. (Refer to Appendix 3 for the illustration of levels adopted for vertical differencing.) The exact definitions of mean emissivity and mean absorptivity are also given in M.S., pp. 365-366.
COMPUTATION OF MEAN
Since the changes of absolute humidity correspond to the change of air temperature, the equivalent heat capacity of moist air with relative humidity h may be defined as
where Land Cp are the latent heat of evaporation and the specific heat of air under constant pressure, respectively. The second term in the bracket appears due to the change of latent energy of the air. The reader should refer to M.S. for the following information.
1)
Computation of the flux of long-wave radiation. 2) Computation of the depletion of solar radiation. 3) Determination of mean absorptivity and emissitivity.
Some additional explanation of how we determine the absorptivity is given in Appendix 2.
b. Standard distribution of atmospheric absorbers. In this subsection, the vertical distributions of water vapor, carbon dioxide, ozone, and cloud, which are used for the computations of thermal equilibrium, and those of heat balance in the following section, are described. They are adopted unless we specify otherwise.
The typical vertical distribution of relative humidity can be approximated with the help of the data in Fig.  3 . In this figure, the hemispheric mean of relative humidity obtained by Telegadas and London (1954) and that of relative humidity obtained by Murgatroyd (1960) are shown in the upper and lower troposphere, re~pectively. The stratospheric distributions of relative humidity obtained by Mastenbrook (1963) at Minneapolis and Washington, D. C., are also plotted after some smoothing of data. Referring to this figure, the following linear function is chosen to represent the vertical distribution of relative humidity, i.e., (Mastenbrook, 1963; Murgatroyd, 1960; Telegadas and London, 1954) .
where h* is the relative humidity at the earth's surface, equal to 0.77, Q= pi P*, and p* is surface pressure.
When Q is smaller than 0.02, Eq. (2) gives negative value of h. Therefore, it is necessary to specify the humidity distribution for small Q values. According to the measurements by Mastenbrook (1963) and Houghton (1963) , the stratosphere is very dry and its mixing ratio is approximately 3Xl0-6 gm gm-1of air. We have therefore assumed that the'minimum value of mixing ratio rmin to be 3X 10-6 gm gin-1 of air, i.e., if
set r=r m in(=3X10-6 gm gm-1 of air),
The mixing ratio of carbon dioxide in the atmosphere is assumed to be constant. The mixing ratio adopted for the present computation is 0.0456% by weight (300 ppm by volume), The vertical distribution of ozone which is used for the computation is shown in Fig. 4 . This data is obtained by Herring and Borden (1965) using chemiluminescent ozonesondes for the period September VOLUME 24 (Herring and Borden, 1965) , normalized by the total amount from London (1962). 1963 to August 1964. The vertical distribution at 3SN, April, is taken from the figure of his paper, and is normalized to the total amount of ozone obtained by London (1962) .
The heights, albedo, and the amounts of cloud adopted for the computation are tabulated in Table l . The albedo of the earth's surface is assumed to be 0.102. c. Hergesell's problem and radiative convective equilibrium. Before discussing the results of the study of radiative convective equilibrium in detail, we shall briefly discuss the problem of pure radiative equilibrium (no convection) of the atmosphere with a given distribution of relative humidity. This problem was first investigated by Hergesell (1919) who criticized Emden's solution of pure radiative equilibrium because it allows a layer of supersaturation. Using the assumption of grey body radiation, he obtained, numerically, the state of pure radiative equilibrium of the atmosphere with a realistic distribution of relative humidity. The atmosphere in pure radiative equilibrium thus obtained' is almost isothermal, and its temperature is extremely low due to the self-amplification effect of water vapor on the equilibrium temperature of the atmosphere. (For example, since the water content of the atmosphere decreases with decreasing temperatur~, the greenhouse effect of the atmosphere decreases, and so on.) Fig. 5 shows the solution of this problem which is obtained by our method without using the assumption of grey body radiation (cloudiness = 0). Although the surface equilibrium temperature is much higher than that obtained by Hergesell due to the effect of line center absorption, a sharp decrease of temperature with increasing altitude appears near the ground, and the temperature of the troposphere is much lower than that which is obtained for the atmosphere with a ... ... realistic distribution of absolute humidity_This is shown in the same figure. For the sake of comparison, the distribution of equilibrium temperature with convective adjustment is also shown in the figure.
The distribution of humidity adopted for this computation is given by Eqs. (2) and (3). This comparison clearly demonstrates the role of convective adjustment in maintaining the existing distribution of atmospheric temperature. Without this effect, the temperature of the troposphere as well as the height of the tropopause would have been unrealistically low due to the positive feedback effect of water vapor on the air temperature, which we discussed in the introduction.
d. Approach towards the equilibrium state. It should take longer for the atmosphere with a given distribution of relative humidity than for the atmosphere with a given distribution of absolute humidity to reach the state of thermal equilibrium. Two of the reasons for this difference are as follows: 1) As we explained in the introduction, the dependence of outgoing radiation of the atmosphere with a given distribution of relative humidity depends less on the atmospheric temperature than does that of an atmosphere with a given distribution of absolute humidity. Accordingly, the speed of approach towards the equilibrium state is significantly less.
2) Since the vertical distribution of relative hUrrlldity is constant throughout the course of the time integration, absolute humidity depends upon the atmospheric temperature, and the variation of absolute humidity involves the variation of the latent energy of the air. Therefore, the effective heat capacity of the air with the given relative humidity is larger than the heat capacity of dry air. Accordingly, the speed of approach is slower.
In Fig. 6 , the approaches of each of three idealized atmospheres towards the equilibrium are shown. These are as follows:
Atmosphere I: Vertical distribution of absolute humidity is constant with time.
Atmosphere II: Vertical distribution of relative humidity is constant with time. The heat capacity of the air is assumed to be 0.24 cal gm-I, i.e., the heat capacity of dry air.
Atmosphere III: Vertical distribution of relative humidity is constant with time. The effective heat capacity of air which is given by Eq. (1) is adopted.
Two initial conditions which are chosen for the time integrations shown in Fig. 6 are obtained by adding 15K to the temperature distribution of radiative convective equilibrium.
Because of the first of the two reasons mentioned above, it takes about 1.5 times longer for Atmosphere II than for Atmosphere I to reach the state of equilibrium; and it takes even longer for Atmosphere III to reach equilibrium due to the second reason described above. In short, "the radiation-condensation relaxation" is much slower than pure radiation relaxation. Therefore, it is probable that the radiation-condensation relaxation is one of the important factors in determining the seasonal variation of atmospheric temperature. Also, Fig. 6 shows that it takes longer for the warm atmosphere to reach the state of equilibrium than for the cold atmosphere. This result suggests that J 0 URN A L 0 F THE A TM 0 S P HER I esc lEN C E S VOLUME 24 it is not advisable to perform the numerical integration of the general circulation model by starting from the very warm initial condition.
Solar constant and radiative convective equilibrium
a. Thermalequ·ilibrium Jor various solar constants. One of the most fundamental factors which determines the climate of the earth is the solar constant. In order to evaluate the effect of the solar constant upon the climate of the earth's surface, a series of computations of thermal equilibrium was performed. Fig. 7 shows the dependence of the surface equilibrium temperature upon the solar constant for both the atmosphere with a given distribution of relative humidity, and that with a given distribution of absolute humidity.
According to this figure, the equilibrium temperature of the atmosphere with a given distribution of relative humidity is twice as sensitive to the change of the solar constant as that with a given distribution of absolute humidity in the range of temperature variation of middle latitudes. This difference in the sensitivity decreases with decreasing temperature. When the temperature is very low, say 240K, the difference is practically negligible, because the mixing ratio of water vapor is extremely small. On the other hand, the equilibrium temperature is very sensitive to the change of the solar constant when the temperature is much above 300K. This result clearly demonstrates the self-amplification effect of water vapor on the equilibrium temperature of the atmosphere with a given distribution of relative humidity. As a reference,
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. . b. Outgoing radiation and atmospheric temperature. In order to satisfy the condition of thermal equilibrium, the variation of the solar constant must be compensated for by a corresponding change of the outgoing long-wave radiation at the top of the atmosphere. In this subsection, we shall investigate the dependence of outgoing radiation on atmospheric temperature in order that we may understand the results described just above.
In Fig. 9 , various vertical distributions of temperature adopted for the present computations are shown, and in Fig. 10 , the upward long-wave radiation at the top of the atmosphere is plotted versus the temperature of the earth's surface T *. The distribution of relative humidity, cloudiness, and other atmospheric absorbers adopted for this computation are described in Section 2b. In Fig. 9 curves representing blackbody radiation temperatures T*, (T*-lO) , (T*-20) , (T*-30) , and (T *-50) are also drawn for the sake of comparison. According to this comparison, the outgoing long-wave radiation at the top of the atmosphere with a given distribution of relative humidity depends less upon the atmospheric temperature than is expected from the fourth-power law of Stefan-Boltzmann.
As we explained in the introduction, the deviation from the fourth-power law is mainly due to the dependence of the effective source of outgoing radiation upon the temperature of the atmosphere~ This result explains why the atmosphere with the fixed distribution of relative humidity is more sensitive to the variation of solar radiation than the atmosphere with the fixed distribution of absolute humidity.
Equilibrium temperature and atmospheric absorbers
In this section, we shall discuss the dependence of equilibrium temperature upon the vertical distribution of atmospheric absorbers such as water vapor, carbon dioxide, ozone, and cloud. It is hoped that the results of this section will be useful for evaluating the possibility of various climatic changes in the earth's atmosphere.
a. Tropospheric relative humidity. In order to evaluate the dependence of equilibrium temperature upon the distribution of relative humidity of the atmosphere, a series of computations of thermal equilibrium was performed for various distributions of relative humidity. The vertical distribution of relative humidity adopted for this series of computations is described by Eqs. (2) and (3), except that we assigned various values to h*. For the distribution of other gaseous absorbers and clouds, see Section 2b. 1) The higher the tropospheric relative humidity, the warmer is the equilibrium temperature of the troposphere.
2) The equilibrium temperature of the stratosphere depends little upon th~ tropospheric relative humidity. Table 2 shows the dependence of the net upward radiation at the top of the atmosphere R L , and that vapor anticipated with an increasing number of supersonic transport aircraft flights. It should be useful to evaluate the effect of the variation of stratospheric water vapor upon the thermal equilibrium of the atmosphere, with a given distribution of relative humidity. The distribution of humidity adopted for this series of computations is given by Eqs. (2) and (3), except that the absolute humidity of the stratosphere rmin is different for each experiment.
The values of rmin chosen for this series of computations are 3X1Q-6, 15X1Q-6, and 75X1Q-6 gm gm-1 of air. Figs. 12 and 13 show the states of thermal equilibrium thus computed, and the corresponding vertical distributions of water vapor mixing ratio. Examination of Fig. 12 reveals the following features. 1) The larger the stratospheric mixing ratio rmin, the warmer is the tropospheric temperature.
2) The larger the water vapor mixing ratio in the stratosphere, the colder is the stratospheric temperature.
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3) The dependence of the equilibrium temperature in the stratosphere upon the stratospheric water vapor mixing ratio is much larger than that in the troposphere. Table 3 shows the equilibrium temperature of the earth's surface corresponding to various water vapor mixing ratios in the stratosphere. Recent measurements by Mastenbrook (1963) and others suggest that the mixing ratio in the atmosphere is about 3X1O-6 gm gm-1 of air. According to this table, a 5-fold increase of stratospheric water vapor over its present value would increase the temperature of the earth's surface by about 2.0C. It is highly questionable that such a drastic increase of stratospheric water vapor would actually take place due to the release of water vapor from the supersonic transport. Recently, Manabe et al. (1965) performed a numerical experiment of the general circulation model of the atmosphere with the hydrologic cycle. They concluded that, in the model atmosphere, the large-scale quasi-horizontal eddies are very effective in removing moisture from the high -and middle-latitude stratosphere by freezing out near the cold equatorial tropopause. Their results must be viewed with caution, however, because their computation involves a large truncation error in evaluating vertical advection of water vapor in the upper troposphere and the lower stratosphere. This study, nonetheless, suggests the possible importance of dynamical process in the water balance of the stratosphere. c. Carbon dioxide. As we mentioned in the introduction, Moller (1963) discussed the influence of the change of CO 2 content in the atmosphere with a given value of relative humidity on the temperature of the earth's surface. He computed the magnitudes of downward long-wave radiation corresponding to various CO 2 contents, and estimated the change of surface temperature required to compensate for the change of net downward radiation due to the change of CO 2 content. His results suggest that the increase in the water content of the atmosphere with increasing temperature causes a self-amplification effect, which results in an almost arbitrary change of temperature at the earth's surface. In order to re-examine Moller's computation by use of the present scheme of computing radiative transfer, the net upward long-wave radiation into the atmosphere with given distributions of relative humidity was computed for various distributions of surface temperature as shown in Fig. 9 . The vertical distribution of cloudiness and that of relative humidity have already been specified in Section 2b. In Fig. 14 , the magnitUde of net radiation thus computed is plotted versus the temperature of the earth's surface. For the sake of comparison, the magnitudes of net flux obtained by using the formulas proposed by Moller (1963) , BerlGtnd and Berlfand (1952) , and Boltz and Falkenberg (1950) are added to the same figure . The relative humidity at the earth's surface needed for these computations is assumed to be 77%. Moller (1963) and Berlfand and Berlfand (1952) obtained their empirical formulas from radiation chart computations, whereas Boltz and Falkenberg (1950) of net radiation upon temperature is small. It increases or decreases with increasing temperature depending upon the method of computation. For example, the results of the present computation and those of Berlrand indicate that the net upward radiation decreases monotonically with increasing surface temperature for the ordinary range of temperature. If one discusses the effect of carbon dioxide upon the climate of the earth's surface based upon these results, one could conclude that the greater the amount of carbon dioxide, the colder would be the temperature of the earth's surface, i.e., to compensate for the increase of downward radiation due to the increase of carbon dioxide, it is necessary to have a lower temperature. On the other hand, the result of Boltz and Falkenberg (1950) may lead us to the opposite conclusion for temperatures above 290K. As Moller (1963) s':!spected, these results do not always indicate the extreme sensitivity of the actual earth's climate. The basic shortcoming of this line of argument may be that it is based upon the heat balance only of the earth's surface, instead of that of the atmosphere as a whole. In Fig. 15 , the net upward long-wave radiation at the top of the atmosphere, together with that at the earth's surface, are plotted against the temperature of the earth's surface. As we have already discussed in Section 3b, the former increases significantly with increasing temperature in contrast to the latter. In order to compensate for the decrease of net outgoing radiation at the top of the atmosphere due to the increase of. CO2 content, it is necessary to increase the atmospheric temperature. Therefore, one may expect that the larger the CO2 content in the atmosphere, the warmer would be the temperature of the earth for the ordinary range of atmospheric temperature. This result is not in agreement with the conclusion which we reached based upon the earth's surface. In order to obtain the complete picture, it is also necessary to consider the effect of convection. Therefore, a series of radiative convective equilibrium computations were performed. Fig. 16 shows the vertical distributions of equilibrium temperature corresponding to the three different CO 2 , i.e., 150, 300, and 600 ppm contents by volume. In this figure, the following features are noteworthy:
1) The larger the mixing ratio of carbon dioxide, the warmer is the equilibrium temperature of the earth's surface and troposphere. 2) The larger the mixing ratio of carbon dioxide, the colder is the equilibrium temperature of the stratosphere. . 3) Relatively speaking, the dependence of the equilibrium temperature of the stratosphere on CO 2 content is much larger than that of tropospheric temperature. Table 4 shows the equilibrium temperature of the earth's surface corresponding to various CO2 contents of the atmosphere, and Table 5 shows the change of surface equilibrium temperature corresponding to the change of CO 2 content. In these tables, values for both the atmosphere with given distribution of absolute humidity, and that with the given distribution of relative humidity are shown together. According to this comparison, the equilibrium temperature of the former is almost twice as sensitive to the change of CO2 content as that of the latter, but not as sensitive as the results of Moller suggest. These results indicate that the extreme sensitivity he obtained was mainly for the reason already stated.
Although our method of estimating the effect of overlapping between the 15-1' band of CO 2 and the rotation band of water vapor is rather crude, we believe that the general conclusions which have been obtained here on the atmosphere with a fixed relative humidity should not be altered by this inaccuracy. It is interesting to note that the dependencies of surface temperature on the CO2 content, which were obtained by Moller (1963) and present authors for the atmosphere with a fixed relative humidity, agree reasonably well with each other (see Table 6 for Moller's results).
d. Ozone. States of thermal equilibrium were computed for three different distributions of ozone as shown in Fig. 17 . These distributions were read off TABLE 6. Change of equilibrium temperature of the earth's surface corresponding to various changes of CO2 content of the atmosphere [computed by Moller using the absorption value of Yamamoto and Sasamori (1958) ]. Fig. 18 . Vertical distribution (Herring and Borden, 1965) ; total amount (London, 1962) .
from the results which were obtained by Herring and Borden (1965) , using the chemiluminescent ozonesonde. The total amounts of ozone are adjusted such that they coincide with those obtained by London (1962) . Among the three distributions shown in the figure, the total amount for ON, April, is a minimum,and that for 80N, April, a maximum. Fig. 18 shows the vertical distribution of equilibrium temperature corresponding to each ozone distribution. The following features are noteworthy:
1) The larger the amount of ozone, the warmer is the temperature of troposphere and the lower stratosphere, and the colder is the temperature of the upper stratosphere.
2) The influence of ozone distribution upon equilibrium temperature is significant in the stratosphere, but is small in the troposphere. 3) As we pointed out in M.S., the ozone distribution of ON, April, tends to make the tropopause height higher and the tropopause profile sharper than those of 80N, April. As reference, equilibrium temperatures of the earth's surface as well as the total amounts for the three distributions adopted here are tabulated in Table 7. e. Surface albedo. A series of thermal equilibrium states of the atmosphere with the given distribution of relative humidity was computed for various albedos of the earth's surface. Fig. 19 shows th'e results. Examination of this figure reveals the following features:
1) The larger the value of albedo of the earth's surface, the colder the temperature of the atmosphere. . 2) The influence of the surface albedo decreases with increasing altitude. It is a maximum at the earth's surface, and is almost negligible at the 9-mb level. Again, this sensitivity is almost twice as large as that of the atmosphere with a fixed absolute humidity for the ordinary range of solar constant.
f. Cloudiness. A series of thermal equilibrium computations was performed for various distributions of cloudiness. The equilibrium temperatures of the earth's surface for a variety of cloud distributions are tabulated in Table 9 and shown in Fig. 20 .
Generally speaking, the larger the cloud amount, the colder is the equilibrium temperature of the earth's surface, though this tendency decreases with increasing cloud height and does not always hold for cirrus. The equilibrium temperature of the atmosphere with average cloudiness specified in the table is about 20.7C colder than that for a clear atmosphere. This difference IS significantly larger than the difference of about cirrus clouds heat or cool the equilibrium temperature depends upon both the height and the blackness of cirrus cloud. This subject was previously discussed in M.S.
Relatively speaking, the influence of cloudiness upon the equilibrium temperature is more pronounced in the troposphere than in the stratosphere, where the influence decreases with increasing altitude. equilibrium temperatures for various distributions of cloudiness.) Accordingly, middle and low clouds have a tendency to lower the height of the tropopause.
Summary and conclusions
1) A series of radiative convective equilibrium com-' putations of the atmosphere with a given distribution of relative humidity were performed successfully.
2) Generally speaking, the sensitivity of the surface equilibrium temperature upon the change of various factors such as solar constant, cloudiness, surface albedo, and CO 2 content are almost twice as much for the atmosphere with a given distribution of relative humidity as for that with a given distribution of absolute humidity.
3) The speed of approach towards the state of equilibrium is half as much for the atmosphere with a given distribution of relative humidity as for that with the given distribution of absolute humidity. In other words, the time required for radiation-condensation relaxation is much longer than that required for radiation relaxation of the mean atmospheric temperature. 4) Doubling the existing CO2 content of the atmosphere has the effect of increasing the surface temperature by about 2.3C for the atmosphere with the realistic distribution of relative humidity and by about 1.3C for that with the realistic distribution of absolute humidity. The present model atmosphere does not have the extreme sensitivity of atmospheric temperature to the CO2 content which Moller (1963) encountered in his study when the atmosphere has a given distribution of relative humidity.
5) A five-fold increase of stratospheric water vapor from the present value of 3X1O-6 grn grn-l of air causes an increase of s,urface .. ~quilibrium temperature of about 2.0C, when the vertiCal distribution of relative humidity is fixed. Its effect on the equilibrium temperature of the stratosphere is larger than that of troposphere.
6) The effects of cloudiness, surface albedo, and ozone distribution on the equilibrium temperature were also presented.
Acknowledgments. 
Detail of the Method of Convective Adjustment
Since we did not describe the detail of the method of convective adjustment in M.S., we shall explain the method in this appendix. The following procedures are executed at each timestep (see Fig. 23 ).
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where ( 3) Compute T N(l) such that it satisfies the relationship
where ~PN is the pressure thickness of the Nth layer and 0' is the Stefan-Boltzmann constant.
T N (2) and T N _ 1 (1) such that they satisfy the rela tionships
where (LRC)N_!; is the critical (neutral) temperature difference between the Nth and (N -l)th level. .10 Effectively, the temperature of the earth's surface at the (r+l)th step (T*T+l) and that of the atmosphere at the rth step are used for the computation of net radiative flux at the earth's sun face. This method is adopted for the sake of computational stability. Since we reach the final equilibrium which satisfies the requirement described in Section 2a, this inconsistency should not cause any error in the final equilibrium. .50
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-5 and the logarithm of optical thickness 2 was taken as the abscissa. The curves which were obtained for various . pressures using the experimental data are shown in each figure.
As Howard et al. (1955) • In Figs. AI, A2, A3, A4, and A5 of M. S., the abscissas show the logarithm of optical thickness instead of effective optical thickness, which was implied by captions. Walshaw (1957) . Bandwidth is assumed to be 138 cm-l.
AI-As of M.S., but is not encountered in our computation, is omitted from this compilation. Needless to say, it is desirable to use a two parameter u and p. However, one parameter U r is adopted here for simplicity of programming. On page 368 of M.S. the method of obtaining a W (Fig. 24) and a C02 (Fig .. 25) are given. Refer to Eq. (13) of M.S. for the definition of ffw (Fig. 26) , to Eq. (12) of M.S. for the definition of EJw (Fig. 27) , and to Eqs. (16a), (16b), and (17) of M.S. for the definition of EfC02 (Figs. 28 and 29) , EfOS (Fig. 30) , and ffwOV (Fig. 26) . For the curve of absorption of solar radiation by ozone, refer to Fig. A6 of M.S. APPENDIX 3 Both 18 and 9 atmospheric levels are used in the present computations. As in our previous computations, the location of each level is based on a suggestion by J. Smagorinsky. Let the quantity u be defined as the following function of pressure:
Q= PlP*=cr (3-2u) , where p* is the pressure at the earth's surface and assumed here to be 1000 mb. If we divide the atmosphere into equal u-intervals, the pressure thickness of the layer is thin both near the earth's surface and the top of the atmosphere. Tables 10 and 11 show the u-Ievel adopted for 18-and 9-level models, respectively. For our study, we used both 18-and 9-level models.
In order to compare the equilibrium solutions obtained from these two coordinate systems, reference should be made to Fig. 31 . The standard distribution of atmospheric absorbers, which is described in Section 2b is used for both of these computations. The coincidence between the two equilibrium solutions is reasonable.
